Abstract: Flame-flame interaction events occur frequently in turbulent premixed flames and change the local structure and dynamics of flames. It is essential to understand these flame-flame interaction events to develop high-fidelity combustion models for use in modern combustion devices. In this study, we experimentally investigate the topology of flame-flame interaction events in single-and multi-flame configurations. A dual-burner experiment is probed with highspeed OH-planar laser-induced fluorescence and stereoscopic-particle image velocimetry to obtain simultaneous flame front locations and velocity fields. A non-rigid image registration technique is implemented to track the topological changes occurring in these flames. In both single-and dualflame configurations, small-scale interactions occur more frequently compared to large-scale interactions, and statistics show that most of the reactant-side interactions contribute to large flame surface destructions than the product-side interactions. It is also found that turbulence length-and velocity-scales can play an important role in facilitating the interaction events and pocket formations from these events. Filamentarity is used to quantify the two-dimensional shape of these interactions and comparisons are made between the orientation and shape of interaction events and the local turbulence in the flowfield. Alignment between the orientation of the interaction shapes and the principal strain rates show that compressive fluid forces drive both types of interaction events.
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Introduction
Interaction between turbulent flames exists in many modern combustion devices, including land-based and aircraft gas turbine combustors, jet augmenters, furnaces, and boilers. For these devices, robust prediction of system operability using numerical simulations requires understanding the behavior of multiple-flame configurations to develop high-fidelity combustion models. The stability and dynamics of these multiple flame configurations have been studied in the past [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These studies have shown that individual flames can interact with each other at a macro-level, changing global flame characteristics and device operation of these devices. Macrolevel interactions typically occur where interaction of underlying flowfields of individual flows takes place, such as closely spaced arrays of injectors/nozzles or other flame holding devices like bluff-bodies. Studies conducted by Samarasinghe and co-workers [1, 13] and Worth and Dawson [2] [3] [4] have shown that interacting flames change the distribution of heat release in multi-nozzle combustors, changing their thermoacoustic response. This flow interaction also changes the flame structure and flame attachment characteristics, impacting flame stability [14] . While these macrolevel interactions are important for understanding static and dynamic stability of these flames, interactions on much smaller length-scales play a crucial role in changing the local structure of flames at a range of length-scales. These interactions, referred to as 'local flame-flame interactions' in the current study, are commonly observed in turbulent premixed flames in various configurations, and the current study focuses on understanding the impact of these interactions on flame structure and propagation.
Several studies in the past have explored the characteristics of local flame-flame interactions and how they impact the behavior of the flame [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Two broad categories of local flame-flame interactions have been found to occur in turbulent premixed flames: normal interactions and counter-normal interactions [22, 23] . Normal interactions, also referred to as 'reactant-side interactions', occur two flame fronts propagate towards each other. These normal interactions can be of three types: convex interactions, tunnel closures, and pocket burnouts. Convex interactions occur when reactant gases that are surrounded by flame cusps are consumed. In tunnel closure events, a tunnel-like structure is formed and reactant gases are consumed in the middle. Pocket burnouts occur in closed forms, leading to local flame extinction [22, 23, 32] . Counter-normal interactions, referred to as 'product-side interactions', occur when the product sides of flame fronts interact and studies have shown that a highly strained flowfield is necessary for these interactions to occur [15, 21-23, 31, 32] .
Local flame-flame interactions impact the local structure of the flame due to interactions occurring between the preheat zone, the inner layer, and the oxidation layer [19, 20] . Heat and species distributions change in the interaction region, leading to changes in flame propagation. A direct numerical simulation (DNS) study conducted by Chen and Sohrab [16] showed that for normal interactions, the gradients of radical species and temperature in the interaction region change due to the merging of the preheat zones during the interaction. As a result, transport of species and temperature across these zones affects the flame propagation speed. Additionally, the frequency of flame interactions is dependent on Lewis number (Le), as shown by Dunstan et al. [23] and Im and Chen [17] . Non-unity Lewis numbers can result in either preheating (for Le>1) or species doping (for <1) of the reactant mixture in interaction regions. Im and Chen investigated H2-air flames and found that fuel-rich interacting flames (Le>1) show instances where flames pinch, form cusps, and display rapid kinematic restoration after the interaction, reducing local curvature. Fuel-lean interacting flames (Le<1) experience thermo-diffusive instabilities, where flame interactions lead to growth of regions with high curvatures. These instabilities result in high flame stretch, which leads to flame quenching and more product-side interactions.
Changes in flame area due to flame-flame interactions can dynamically change the overall flame behavior. Dunstan et al. [22, 23] calculated changes in global stretch rates and decomposed the global stretch rate into turbulence-flame and flame-flame interaction components. Interactions were found to cause global stretch rates to deviate to negative values, primarily due to the flameflame interaction component. The rapid fluctuations in flame area and flame stretch from flameflame interactions also affect flame speed. Chen et al. [28] showed that the density-weighted displacement speed increases by a factor of four during a pocket burnout event due to local preferential diffusion effects. Similarly, flame propagation speeds and consumption speeds have been shown to increase during interaction events in other studies [16, 19, 20, 27] . Many of these studies focused on the behavior of individual events; those with statistically-converged data on interaction populations typically used over-simplified chemistry to make the DNS tractable. While DNS studies accurately capture interactions and their impact on flame structure and propagation, there has been little work linking the interaction topologies to the flowfield in real turbulent flame configurations. Additionally, DNS is a computationally expensive technique to use for studying the sensitivity of these interactions to variation in operating conditions. Less expensive techniques, such as Reynolds-Averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES) are more commonly used to simulate laboratory and industrial-scale flames; however, some of these techniques rely on modeling the flame behavior at sub-grid scales.
A commonly-used sub-grid turbulent combustion model uses flame surface density (FSD) transport equations [34] [35] [36] [37] [38] [39] [40] , where the turbulent flame speed directly correlates with FSD [35, 41] and appropriate modeling of FSD at the sub-grid scale requires the knowledge of flame surface generation and destruction mechanisms. In these models, flame surface destruction is attributed to reduction in flame area due to quenching and mutual flame-flame interactions [35] . Various models have been proposed to account for this phenomenon [34, 36] , although very limited experimental measurements have been performed for validation of these models. Skiba et al. [42] used high-speed CH-PLIF imaging of reaction layers to experimentally quantify the merging rate of flamelets to provide some insights on the destruction rate of FSD in a round Bunsen turbulent flame. There were uncertainties in the interaction identification algorithm in their study, and results were limited to only one operating condition.
The goal of this work is to experimentally characterize the frequency and topology of local flame-flame interaction events at a range of operating conditions in both single-and dual-flame configurations in a modular burner experiment, motivated by the need for better understanding of flame annihilation processes for FSD models. Optical diagnostics and image processing techniques are implemented on a variety of data sets to obtain simultaneous velocity and flame edge statistics to link the flame morphology with the local turbulent flow behavior. To illustrate the impact that local interactions have on the flame structure, we characterize both the local flame and flow structure, linking the two to show how turbulence-flame interactions drive flame-flame interactions. Quantification of the frequency of these flame-flame interactions is presented as it directly correlates with the flame surface destruction rate that is required for sub-grid scale FSD models. We also provide data on flame surface annihilation at a range of conditions. Insights into topologies of the interactions are also provided to show how the local flow behavior can change the size and shape of interactions, which may need to be accounted for in the flame surface destruction models. The outcome of this work is a better quantification of the frequency of these interactions and an elucidation of what is driving them to occur at a range of operating conditions.
Experimental Configuration
Burner Configuration
The experimental facility consists of two identical burners mirrored about the experiment Table 1 shows the text matrix used in this study. The equivalence ratios for main flames and pilot flames are set to unity. For cases A-E in Table 1 Table 1 operate in the thin-reactions regime on the Borghi-Peters' premixed combustion regime diagram [44] . 
Diagnostics and Data Processing
OH-Planar Laser Induced Fluorescence (OH-PLIF)
High-speed planar laser induced fluorescence (PLIF) was used to measure the distribution of the hydroxyl combustion radical in the post-combustion products. This 10 kHz acquisition-rate system consists of a 532 nm Nd:YAG laser (Edgewave) pumping a dye laser (Sirah Credo). The dye laser is tuned to the Q1 (6) 
Stereoscopic-Particle Image Velocimetry (s-PIV)
A high-repetition-rate, dual cavity, Nd:YAG laser (Quantronix Hawk Duo) operating at 532 nm is utilized to perform stereoscopic-particle image velocimetry at 10 kHz in forward scatter and 532 nm laser-illuminated images are collected at 10 kHz in a double frame mode, with a pulse separation of 14 μs. Based on a 1 μm nominal diameter of these particles, the particle Stokes number is approximately 0.06, which means that the particle can track flow oscillations up to 4000
Hz [45] . Near-infrared filters and laser line filters are utilized to filter the signal before it is collected on the camera sensor. Vector calculations from the collected images are performed using (Table   1 ). Figure 2 shows the layout of the simultaneous OH-PLIF and s-PIV system. Synchronization of the OH-PLIF and s-PIV systems is performed using Stanford Research Systems DG-535 digital delay generators. The UV laser pulse for the OH-PLIF system is placed between the two s-PIV laser pulses at an offset of 10 µs from the first 532 nm pulse.
Flame Front Identification and Image Registration
The OH-PLIF images are binarized using a dynamic thresholding technique that reduces the sensitivity of the calculation to intensity variations in each frame. Images are corrected for laser sheet profile variations using a signal profile taken in a region of stable, homogenous OH generated by the laminar pilot flames; the profile is comprised of the average of 1000 images. Median and bilateral filters are applied to the sheet corrected images to remove speckle noise and smooth discrete intensity changes. Otsu's method [46] is used to perform thresholding to obtain a binarized image. The flame edges are obtained by tracing the edges of the binarized images using the 'bwboundaries' function in MATLAB [46] . Assuming a flame extinction velocity of 2 m/s for a laminar methane-air flame at 300 K and 1 atm, the time-scale to resolve this annihilation is approximated to be 885 μs, which is well above the sampling time step of 100 μs. Annihilation events occurring at much smaller time-scales are not captured with this setup. More details on the sensitivity of interaction events on sampling rate are provided in the supplementary material.
Turbulence Length-Scale Calculations
Turbulence length-scales are calculated using vector fields conditioned on locations of time- 
Filamentarity of Flame-Flame Interactions
Filamentarity (ℱ) is a shapefinder metric that quantifies the topology of 2D shapes using the partial Minkowski functionals-surface area Sa and perimeter P [52]. Equation (1) (1) Table 2 shows the flame heights ( ̅ ) of single-and dual-flame cases as described by Equation (2) . This definition is taken from [41] , which approximates the height of rectangular Bunsen flames based on the burner width (W), the bulk flow velocity of the reactant flow mixture (U), and the turbulent global consumption speed ( , ̅ ) conditioned on time-averaged progress variable, ̅ .
Results and Discussions
Global Flame Structure Comparisons
, ̅ is calculated using Equation (3), where ̇, , and ̅ are the mass flow rate of the reactant flow mixture, the density of this mixture, and the surface area of a contour for a given ̅ , respectively [53] .
, ̅ =̇̅
Due to the limited field-of-view, we calculate the height based in a time-averaged progress variable of ̅ =0.2. The calculated heights in Table 2 are the same for single-and dual-flame cases; the major difference in the time-averaged flame structures between these configurations can be seen in Figure 5 , which shows the stitched ̅ of the left burner flame from three FOVs for all conditions in Table 1 . For all dual-flames, the flames bend away from the centerline of the experiment in FOVs II and III, which is a result of the gas expansion occurring across the inner flame branches of both flames; the extent of the deflection is an indication of the level of interaction of the flowfields. . While the focus of the current study is to highlight the dynamics of the local structure of single-and dual-flames, these global flame structure comparisons highlight the differences in ̅ distributions, which impact the progress-variable conditioned statistics.
Example Cases of Local Flame-Flame Interactions
Illustrations of local flame-flame interactions are shown in Figure 7 and Figure 8 . 
Attached Flame-Flame Interaction Frequency
The frequency of flame-flame interactions is defined as the number of flame surface destruction interactions identified over a duration of measurement, reported in units of Hz.
Knowing how this rate changes with operating condition and in different locations along the flame is the first step towards building a better FSD destruction model. Figure 9 shows the rates of reactant-side attached flame-flame interactions for single-and dual-flame cases at a range of bulk flow velocities (cases A-E in Table 1 ). Figure 9 The interaction rate behaviors in Figure 9 and Figure 11 are similar for single-and dual-flame configurations. The reactant-side interaction rates are generally higher than the product-side interaction rates. This finding is consistent with results from DNS studies [22, 23, 32] . However, The measurement techniques employed in this study are limited to imaging the in-plane components of flame-flame interactions. As flame-flame interactions are inherently threedimensional, it is necessary to rigorously estimate the effect of through-plane velocity and flame surface orientation [42] . While exact quantification of these uncertainties may require full threedimensional measurements of the flame surface, we provide an estimate of the out-of-plane fluid motion at the interaction locations using s-PIV measurements. To estimate which interaction is real rather than the result of a three-dimensional motion, we assume that if the out-of-plane velocity is less than the turbulent flame speed (as defined by = (1 + ( ′ / ) 2 ) 1/2 ), then the interaction is likely real. Using this metric, we estimate that 92% of the interactions in case A and 82% in case E are real. This current methodology for estimating the uncertainty is discussed in detail in the supplementary material; higher fidelity methods are being continually developed to provide a more robust way of quantifying uncertainties from three dimensional affects. The outof-plane flame orientation and propagation are currently not accounted for in the analysis and will be accounted for in future work.
Topology of Flame-Flame Interactions
Flame Surface Annihilation
In turbulent flames, flame-flame interactions lead to flame area annihilation, which is an important marker for fluctuations in local burning velocity, flame stretch, and local heat release rate [24, 26, [28] [29] [30] [34] [35] [36] [37] [38] [39] [40] [41] . PDFs of ( + / − ) from product-side interactions are shown in sub-figures (d), (e), and (f).
For all cases in both flame configurations, PDFs peak near 0.8-0.9, suggesting that the relative amount of flame surface annihilation is quite small compared to the local flame surface undergoing a reactant-side interaction event. Combined with the interaction rates in Figure 11 , these results indicate that product-side interactions are a relatively small contribution to flame surface annihilation. Comparison between single-and dual-flames shows differences, however, with no obvious trends due to changes in bulk flow velocities. The differences that exist in these PDFs may be a result of the differences in the flowfields and global flame behavior of the two configurations in the interacting regions. In the dual-flames case, flame bending is observed for both FOVs II and III, indicating more flow interaction that impacts the amount of mean shear and dynamics of the flame front. As a result, flame front wrinkling and flame annihilation events can be quite different between these configurations in this region.
Flame Annihilation Shapes
As discussed in Section 3.4.1, flame surface annihilations occur over a range of scales for reactant-and product-side interactions. Quantifying the shapes of flame-flame interactions using filamentarity (ℱ) can provide insights into the most common types of interactions occurring in the flames investigated in this study. These shapes can also help elucidate the role of local turbulence in the occurrence of flame-flame interactions for the future development of FSD annihilation models. Figure 13 shows probabilities of ℱ of reactant-side interaction shapes for dual-flame cases A, C, and E, conditioned on time-averaged progress variable, (ℱ| ̅ ) * ( ̅ ). The ̅ value for an interaction is extracted at the centroid location of the interaction shape. The conditioned PDFs of ℱ are created using a bivariate Gaussian density estimator that estimates the joint-PDFs (J-PDFs) between two independent variables [55] . The (ℱ| ̅ ) * ( ̅ ) show higher probabilities of reactant-side interactions occurring at ̅ closer to 1. This observation holds true for all FOVs, as shown in Figure 13 . These PDFs have a wide distribution in filamentarity and the peaks at various ̅ values generally fall in the range of ℱ=0.3-0.5, indicating that the interactions typically have an elliptical shape with a major-to-minor axis ratio in the range of 4-7. Conditioned PDFs of ℱ of reactant-side interactions for single-flames have very similar distributions to those shown for dual-flames in Figure 13 and are not included here. The similarity in these conditioned PDFs of ℱ for single-and dual-flames shows that despite large differences in the magnitudes of ℛ between the two configurations, the interaction topologies and locations in the flame brush do not vary significantly. The major-to-minor axis ratio of a flame-flame interaction shape can be obtained by fitting the shape with an ellipse of that has the same normalized second central moments as that of the shape.
The ratio of these axes can then be compared to the ratio of the turbulence length-scales ( 
Flame Annihilation Orientations
Filamentarity results presented in the previous section describe the shape of flame-flame interactions. Comparisons between the orientations of these shapes and the local strain field can provide some insights into how turbulence drives the individual interaction events. We determine the orientation of the interaction shape by fitting it with an ellipse. Major axes of the fitted ellipses are identified to find the local angles ( ) formed between these axes and the Cartesian y-axis, as shown in Figure 16 (a). Using this formulation, the orientation of a majority of reactant-and products-side flame-flame interactions are found to be near 0º and 180º. This implies that many of the interaction events occur in the direction of the bulk flow. To assess the alignment of the interaction shape with the local strain field, we calculate the principal axes of strain and compare them to the axes of the ellipse. The principal angles ( ) of the local strain rates are obtained using Equation (4) where, 12 is the shear strain rate, while 11 and 22 are the compression/elongation strain rates frequency and orientations could be used to obtain a probabilistic model for the surface destruction term to be implemented in the FSD transport term. Other efforts can be put towards developing a mathematical model, which also captures the physical processes driving these interaction events.
Flame-flame interaction rates presented in this study can be utilized to validate modeling of the surface destruction term in the flame surface density equations for sub-grid scale models.
Recommendations for future work include multi-species and temperature measurements to understand how mixing can impact these interaction events. 
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